Nucleolar organizer regions (NORs) are nucleolus-forming rDNA loop associated with argyrophil proteins, the amount of which varies accozding to the proliferative state of the cell. It has been presumed that the nucleolar protein-related thiol groups may have a role in sele-ctive silver staining. We investigated the nuclear thiol distribution with a fluorescent thiol reagent, coumarinyl-phenyl-maleimide (CPM) in human K-562 myeloblast cultures and found that SH group-related fluorescence was brightest in the area of nucleoli, which became highly selective after RNAse digestion. A remarkable
Introduction
Nucleolar organizer regions (NORs) are ribosomal RNA-coding DNA loops. They are localized to the acrocentric chromosomes in metaphase and form the nucleolus in the interphase cell nucleus. Several argyrophil proteins associated with these loops are detectable by simple silver staining methods, in which silver precipitates selectively as black dots (AgNOR method) at the site of the activated ribosomal genes @,IO). Visualization and study of NORassociated silver staining proteins have gained interest because their morphology may be indicative of the proliferative state of the cell. The spectrum of nucleolar changes during cell activation is well known at the optical level. The simple, small pinprick-like AgNOR dots of quiescent cells change to a multiple lobulated diffuse pattern in activated large blasts (16.17). Therefore, quantitative analysis of silver positivity by the AgNOR method gives reliable information on basic changes inside the nucleolus. A direct relationship was found between the AgNOR protein quantity and the growth rate in a series of malignant cell lines of different origin (6) , suggesting the nucleolar silver staining property as a parameter for cell kinetics. A larger number of interphase AgNORs is usually observed in neoplastic cells than in the corresponding non-neoplastic nuclei, owing to their enhanced growth rate (7) . The study of many pathological specimens by counting silver dots in routine histopathological samples identified significant differences between low-grade and high-grade malignancies although some overlapping was usu-' Correspondence to: G. MChes, MD, Dept. of Pathology, Univ. Med. School of Pics, PECS, Szigeti ut. 12, H-7643. Hungary. co-localization of AgNOR silver reaction and CPM fluorescence was observed, although occupation of the SH groups by CPM did not prevent the silver staining. We applied the stain to dual-parameter flow cytometry in combination with DNA content measurements, which provide further information on nucleolar function and change in experimental and pathological specimens. (J Histochem Cytochem KEY WORDS: Nucleolar organizer regions; SH groups; CPM; Flow cytometry.
41:1413-1417, 1993)
ally present by this method (e.g., 4,5,20,22). Recently, computerassisted image analysis systems have been successfully used for better quantification of AgNOR proteins.
The selectivity of the silver staining is still not fully understood, but the role of reducible chemical groups of the argyrophil proteins is regarded as essential in the reaction. Reduction of Ag ions by protruding carboxyl and SH groups, resulting in metallic silver deposition, may be the explanation, but strict correlation has never been demonstrated (3) . In an attempt to visualize NOR-associated proteins for fluorescence microscopy, we used a fluorescent thiolgroup reagent coumarinyl-phenyl-maleimide (CPM) (18, 19) , previously used to demonstrate cytoplasmic non-protein thiol content (2) and chromatin replication bands in protozoa (I), to detect SH groups in isolated nuclei and compared SH-associated fluorescence and AgNOR silver staining within the nucleolus. Our aims were to adapt a fluorescent nucleolar reagent to flow cytometry and to detect quantitative nucleolar changes relative to nuclear DNA alterations in large cell numbers.
Materials and Methods

Materials. 7-Diethylamino-3-(4'ale~dylphenyl)-4-methylco~~n
(CPM) was purchased from Molecular Probes (Eugene, OR). To prepare a stock solution, 1 mg of the SH reagent was diluted in 1 ml absolute ethanol, followed by straining, and was stored for several weeks at 4'C. For detergent treatment we used a non-ionic detergent solution containing 1% Triton X-100 (Loba Chemie; Vienna, Austria), 20 mM EDTA, and 80 mM NaCl in distilled water (TEN). RNAse digestion was performed at a concentration of 100 pglml RNAse A (Serva; Heidelberg, Germany) in Tris buffer. All other reagents were from Reanal Chemicals (Budapest, Hungary).
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Cells. Human non-malignant lymph node samples with mild reactive changes and metastatic lymph node-derived cells were selected from our daily biopsy material. Metastatic samples were obtained from histologically verified poorly differentiated adenocarcinoma patients. Fresh native specimens were cut into small pieces and shaken well in Tris buffer (pH 7.0). The suspension was purified by straining through several layers of gauze and by washing it three times in the same buffer. To get a suspension of nuclei the cells were treated with TEN for 10 min.
K-562 human leukemia cells were cultivated in RPMI 1640 medium containing 10% fetal calf serum at 37'C. 5% CO2 atmosphere in petri dishes. Cells were harvested to a centrifuge tube and washed two times before adding the TEN.
CPM Staining. Washing of the suspensions first in the same solution and then in Tris buffer gave excellent purity of isolated nuclei. The nuclei were then exposed to RNAse digestion in suspension for 30 min. After another washing the final concentration was set to IO6 nucleilml Tris. Staining was performed in this solution by adding CPM in a final concentration of 3 pg/ml. After incubation in the CPM solution for 15 min. some drops of the suspension were dried on glass slides and mounted with glycerol for fluorescence microscopy. The preparations were exited with uv light (UGl filter), the blue fluorescence was studied with a 435-nm longpass filter in a Leitz epifluorescence microscope, and some of the nuclei were photographed.
Silver Staining. The widely used one-step silver staining method of Ploton et al. (10) was carried out on the same preparations after removal of glycerol and a short fixation in 40% ethanol. The silver reaction was followed under the microscope and stopped after 20 min. Then silver-stained samples were mounted again with glycerol and studied at the same m a g nification in the light microscope. The appropriate fields were again documented by microphotography.
Removal of Silver Positivity. The silver stain was removed by treating the slides with a solution of 1% sodium thiosulfate and 1% potassium ferrocyanide in distilled water for 20 min at room temperature.
Preparation for Flow Cytomeny. The nuclear suspension was first stained with CPM as above. Then propidium iodide (PI) was added to a final concentration of 50 pg/ml. The suspension was always incubated more than 4 hr before measurement.
We used a Partec PAS I1 flow cytometer equipped with a HBO 100 mercury arc lamp for excitation. The fluorescent light was split with a 560-nm longpass dichroic mirror. For detection of blue and red compounds, 435nm and 630-nm longpass emission filters were used. Processing of data was carried out on an SPU68K computer.
Results
Investigations with the SH reagent CPM confirmed a bright fluorescence in the cytoplasm of the stained cells due to the high thiol content. When we used a non-ionic detergent treatment (TEN), all cell suspensions contained well-preserved nuclei characteristic for the cell type. When no RNAse treatment was applied to the nuclei, CPM staining resulted in dim, diffuse blue nuclear fluorescence. However bright fluorescent spots were present, indicating the possible localization of nucleoli.
Removal of the RNAse-sensitive soluble component of the nuclei by RNAse A eliminated most of the background fluorescence in the nucleus, leaving only sharply demarcated bright fluorescent areas. In activated blast-like K-562 cells the size of these areas varied from minute pinprick-like dots to large lobulated complexes in the same nucleus. In general, all nuclei contained one or two larger clusters and three to four small dots of blue fluorescence (Figure 1 ). In quiescent lymphocytes treatment of nuclei with RNAse led to one or at most two small bright dots which proved to be characteristic for the resting state.
Silver staining of the same preparations by the method of Ploton et al. (10) gave expected selectivity, even after CPM was added 2a to the nuclei. After staining with CPM the nuclei of cycling and resting cells gave the same pattern with silver staining. The distribution of labeling seemed to be very similar when the same cells were investigated by fluorescence and light microscopy, respectively (Figures 2a and 2b) . After silver staining, the selectively precipitated silver always co-localized with the fluorescent spots so that it covered nearly the whole blue signal. Even the smallest nucleolar silver dot had its fluorescent equivalent. After removal of silver the fluorescence showed the same pattern as before silver reaction: no change in its intensity was observed.
The total CPM fluorescence of the nuclei in suspension was readily detectable by flow cytometry even at low amplification. Autofluorescence was always excluded by unstained control specimens, so processed nucleolar signals were related only to the amount of SH-containing molecules. Two-parameter flow cytometry was carried out easily when CPM and the DNA dye PI were combined. No DNA loss was seen in isolated nuclei after the procedures and no interaction of CPM with PI was observed. On DNA histograms of K-562 cell nuclei (Figure 3) . high proliferation activity was visible with an S-phase fraction of 38%. Measuring simultaneously the CPM signal, we observed an increase in the nucleolus-associated fluorescence with progression of the cell cycle, with a slower period in the S-phase.
We have applied this new combination of stains for the analysis of cell populations in only a few clinical samples. In mixed cell populations CPM-derived fluorescence quantity clearly distinguished quiescent or slowly proliferating populations from highly proliferative clones. Reactive lymph node-derived nuclei showed a very low signal according to their low S-phase fraction. Four-to fivefold stronger average CPM fluorescence was measured in G1 nuclei in both K-562 and metastatic adenocarcinoma nuclei. In a metastatic lymph node specimen ( Figure 4 ), DNA measurements exhibited two peaks associated with diploid lymphoid cells and an aneuploid malignant population with elevated DNA content (DNA index 1.36). Normoploid cells served as an inner standard, showing significant elevation of nucleolar fluorescence in highly proliferating cancer cells.
Discussion
Nucleoli are complex structures in the cell nucleus, composed of ribosomal genes (interphase NORs), premature rRNA, and ribosomes, and over 200 proteins with structural and functional significance. It is now well known that synthesis and initial processing of the ribosomal RNA occurs in the fibrillar centers and surrounding dense fibrillar component of the nucleolus (8,15 ), so argyrophil proteins localized here are of special interest. Their selective silver staining has been intensively studied at the experimental and diagnostic levels, but little is known about the factors responsible for the selectivity. It was formerly presumed that activity of the SH groups of certain proteins at NORs might be responsible for the selective argyrophilia and that these might give an increased flexibility to proteins interacting with rDNA loops (3). Recent data at-tach importance to the amino terminal domain of the main argyrophil molecule nucleolin (12) .
The total reduced SH group distribution of the cell was studied by cytophotometry by Sandritter and Krygier (14) . They observed that relative to their extension, nucleoli concentrated the largest amounts of SH groups in HeLa cells, as much as the whole cytoplasm contained. On the other hand, a high SH concentration was detected on the short arms of the acrocentric chromosomes in metaphase, where NORs are located (3) . In these experiments silver staining and fluorescent SH reaction showed excellent co-localization of the signals. However, there has been no discussion of whether or not blocking of SH groups by fluorescent reagents altered the original silver staining pattern.
CPM was formerly used for fluorescent cytophotometric quantitation of cytoplasmatic thiol content, which derives mainly from the non-protein scavenger molecule glutathion (2). Allen and O h s (1) investigated the conservative argyrophil proteins of chromatin replication bands, the analogues of mammalian NORs, with CPM in protozoa. This resulted in selective fluorescent bands at the site of the AgNOR reaction, which further confirms the presence of protein thiol groups around ribosomal genes.
In our study we found the same co-localization of the silver and CPM signals at NORs in human interphase nuclei of highly proliferating blasts and small lymphocytes. We prepared and stained interphase nuclei in suspensions for flow cytometry, so complete sets of chromosomes were unfortunately never seen. In a few groups of chromosomes intensive blue fluorescence was observed, but this point should be studied more thoroughly. The effect of RNAse treatment suggests that the stained material is not composed primarily of maturing ribosomes but might represent some of the NORassociated proteins. On the other hand, no change was seen in silver selectivity and reaction time after CPM staining. This was quite controversial because SH groups suspected for selective argyrophilia were already blocked, so at least an increase of the reaction time was expected. Thus, in accordance with Roussel et al. (12) , we must reject a key role of SH groups in selective silver reaction.
Although we could not show a direct relationship of SH groups to silver staining, the fluorescence morphology obtained with CPM at the optical level corresponded very well to the latter in our RNAsedigested samples. The nuclear background fluorescence was always so weak that nucleolar positivity alone represented the total nuclear fluorescence. Detection of blue fluorescence in nuclear suspensions was easily carried out by flow cytometry. No loss of DNA was seen after the pre-treatments, and double staining of nuclei with PI and CPM gave reliable results.
Since direct evidence has been found that nucleolar silver staining strictly correlates with cell proliferation rate, this parameter is very promising for histopathologists. Recently, computer assisted image analysis systems have been used to quantitate the AgNOR reaction in routine slides (11,13,21) . At the same time, the study of nucleolar parameters combined with DNA distribution measurements in these preparations is not in current use. Although many questions on nucleolar SH groups are still open, adoption of our new fluorescent combination offers a compromise. On the basis that CPM fluorescence represents nucleolar silver staining, we believe our CPMlPI dual staining to be appropriate for flow cytomeuic characterization of nucleolar alterations in &rent functional states.
